The present invention relates to a method of manu facturing oxide superconductor elements, and more particularly to a method of manufacturing Bi-based superconducting ceramic materials.
Recently, superconducting ceramics comprising Bi have been discovered as promising materials which can be formed to have high Tc. The Bi-based superconduc ting material takes two phases, in one of which, called the low Tc phase, the critical temperature reaches up to 80' K., and in the other, called the high Tc phase, the critical temperature reaches up to 110 K. An example of the stoichiometric formula of the low Tc ceramic is Bi2Sr2CaCu2O8-x having its c-axis length of 30 A. An example of the stoichiometric formula of the high Tc ceramic is BizSr2Ca2Cu3O10-x having its c-axis length of 36A. In this low Tc phases, there are formed three CuO planes within one unit structure thereof. In accor dance with recent reports, there are other phases having their c-axes of 42A and 48 A in which phases there are formed CuO-(Sr, Ca) planes in addition to the three CuO plane. It is believed for this reason that the resistiv ity of Bi-based superconductors begins to fall down at 150 K. or higher temperatures.
In spite of past efforts, it has been still difficult to increase the proportion of the high TC phase in the formation of Bi-based superconducting ceramics. Also, single crystals of the high Tc phase have not be formed yet.
SUMMARY OF THE INVENTION
It is therefore an object of the present invention to provide a method of producing high Tc superconduc ting ceramic materials.
In order to accomplish the above and other objects and advantages, seed crystals or substrate are prepared from other materials which can be easily formed to have molecular structures similar as superconducting ceramics. For example, Bi-based layered dielectrics expressed by the general formula, (Bi2O2)(An-1-BO3-) where mel, tend to have very similar struc ture as superconducting ceramics. The a-axis lengths and the b-axis lengths thereof are almost equal to those of Bi-based superconducting ceramics. In this formula, A stands for an alkali earth metal such as Ca. B stands for a rear earth metal such as Ti. These oxides are not superconducting ceramics while the formation is easier than that of superconducting ceramics. Among these are Bi2(Sri-La.)4Cu3O,(x=0. 05-0.4, y = 8-12; c-axis length is 32.8A), BigTiO12 (c-axis length is 32.8 A), CaBigTiO1s (c-axis length is 41-42 A), SrBigTiO15 (c-axis length is 41-42 A), BaBigTiO1s (c-axis length is 41-42 A), PbBi4Ti4O1s (c-axis length is 41-42 A), Sr2BiTi5018 (c-axis length is 48.8 A), Ba2BiTi4O18 (c-axis length is 50.3 A), Pb2BiaTis018 (c-axis length is 49.7 A), When a superconducting ceramic material is desired to be formed, a suitable ceramic material (called seed ceramic material) is first selected, e.g. among from the above material to have its c-axis length close to that Bi2O3 and TiO2 powders of 99.9% purity were pre pared and mixed with each other. After firing at 800° C. for 12 hours in air, the mixture was compacted into a circular tablet of 1 mm thickness and 20 mm diameter.
The tablet was fired again at 1000 C. for 12 hours in air. It was confirmed by means of x-ray diffraction that the stoichiometric composition of the tablet was in the sin gle phase of BigTiO12. The c-axis length of BigTiO12 is 32.8 A.
Next, Bi2O3, SrCO3, CaCO3 and CuO in prescribed amount were prepared in powder form (99.9% purity) and mixed with each other so that Bi:Sr:Ca:Cup-2:2:2:3. The mixture was fired at 800° C. for 12 hours in air and ground into powders of 1-5 micrometers average diam eter. The powders were mixed with ethanol and applied to the surface of the BigTiO12 tablet in film form by screen printing. The film was fired at 900 C. for 30 min and gradually cooled at 60° C./hour to room tempera ture. The thickness of the film was measured to be 30 micrometers. The c-axis was measured to be 36A. FIG .   1 shows the resistivity of the film versus the tempera ture. As shown in the figure, the critical temperatuer was 110 K. In accordance with the X-ray diffraction, the film was proved to be in the high Tc phase of BiSr 2Ca3O10-x. The critical supercoducting current density was measured to be 50,000 A/cm2. Next, BiO3, SrCO3, CaCO3 and CuO in prescribed amount were prepared in powder form (99.9% purity) and mixed with each other so that Bi:Sr:Ca:Cus2:3:3:5. The mixture was fired at 800 C. for 12 hours in air and ground into powders of 1-5 micrometers average diam eter. The powders were mixed with ethanol and applied to the surface of the Sr2BizTi5018 tablet in film form by screen printing. The film was fired at 900 C. for 30 min and gradually cooled at 60 C./hour to room tempera ture. The thickness of the film was measured to be 30 micrometers. The c-axis was measured to be not shorter than 40 A . FIG. 2 shows the resistivity of the film ver sus the temperature. As shown in the figure, the critical temperatuer was 110 K. In accordance with the X-ray diffraction, the film was proved to be in the high Tc phase of (BiO2)(Sr3Ca3CusO18). Meisner effect was confirmed by measuring magnetization using a SQUID. Namely, as illustrated in FIG. 3 4 shows the resistivity of the film versus the tempera ture. As shown in the figure, the critical temperatuer was 110 K. In accordance with the X-ray diffraction, the film was proved to be in the high Tc phase of BizSr 2Ca3O10. The critical superconducting current den sity was measured to be 50,000A/cm2.
The superconducting ceramic can be formed in ac cordance with the present invention by the crystal pull ing technique as described in the followings. EXPERIMENT 4 Bi2O3 and TiO2 powders of 99.9% purity were pre pared and mixed with each other. The mixture was kept in a crucible made of alumina at 1200 C. for seven days, and then crushed, from which crushed material a seed crystal of BiaTi3O12 was selected and taken up. The size of the crystal was of the order of about 3 mmX3 mmX1
Next, BiO3, SrCO3, CaCO3 and CuO in prescribed amount were prepared in powder form (99.9% purity) and mixed with each other so that Bi:Sr:Ca:Cu-4:2:2:3. The mixture was fired at 800 C. for 12 hours in air and molten in a crucial at 890 C. A superconducting crystal was produced from the fired mixture by the crystal pulling technique.
FIG. 5 illustrates the furnace construction which was
used for the crystal growth in accordance with the present invention. The ceramic mixture 2 was placed in a crucible 1 seated on a ceramic base. A thermocouple is embeded in the base in order to measure the tempera ture of the crucible 1. A quartz tube was provided sur rounding the base and the crucible. A r.f. coil 6 outside the tube then completes the assembly.
The charge in the crucible 1 was molten at 890 C. The seed crystal was supported by a rod 4 so that its c-axis was oriented parallel with the surface of the mol ten ceramic. Then the seed crystal was pulled up at 5 mm/hour. As a result, a single crystalline Bi-based su perconducting ceramic as large as 5 mm X30 mmX0.5 mm was obtained . FIG. 6 shows the resistivity of the film versus the temperature. As shown in the figure, the critical temperature was 110 K. The critical supercon ducting current density was measured to be 50,000 A/cm2. 5,268,060
BiO3, La2O3, CaCO3 and CuO powders of 99.9% purity were prepared and mixed with each other so that Bi:La:Ca:Cus=2:1:2:1. The mixture was kept in a cruci ble made of alumina at 1000' C. for an hour, followed by gradual cooling at 10 C./hour, and then crushed, from which crushed material a seed crystal of Bi LaCa2Cu2Oy was selected and taken up. The size of the crystal was about 3 mmX3 mm x 1 mm.
Next, Bi2O3, SrCO3, CaCO3 and CuO in prescribed amount were prepared in powder form (99.9% purity) and mixed with each other so that Bi:Sr:Ca:Cu-1:1:1:3. The mixture was fired at 800 C. for 12 hours in air and molten in a crucible at 890 C. A superconducting crys tal was produced from the molten raw material by the crystal pulling technique.
The charge in the crucible was molten at 890 C. The seed crystal was supported by a rod 4 so that its c-axis was adjusted parallel with the surface of the molten ceramic. Then the seed crystal was pulled up at 5 mm/hour. As a result, a single crystalline Bi-based su perconducting ceramic as large as 20 mm x20 mm x 0.5 mm was obtained. FIG. 7 shows the resistivity of the film versus the temperature. As shown in the figure, the critical temperatuer was 82 K. The critical super coducting current density was measured to be 10,000
The ceramics represented by Bi2(Sr1-x-ax)4Cu3Oy These materials, however, can not exhibit superconduc tivity since the carrier density therein is too low.
The Biz(Sri-La.)4Cu3O ceramic was prepared by flux method with CuO as a melting agent. First, BiO3, SrCO3, La2O3, and CuO powders of 99.9% purity were prepared and mixed with each other so that Bi:Sr:La:-Cu=2:3.5:0.5:3. The mixture was placed in a crucible and fired at 1000 C. for 5 hours followed by gradual cooling to 800 C. at 10 C./hour. Then, the cooled charge was crushed in order to pick up a suitable seed crystal therefrom.
Next, BiO3, SrCO3, CaCO3 and CuO in prescribed amount were prepared in powder form (99.9% purity) and mixed with each other so that Bi:Sr:Ca:Cuse 4:2:2:3. The mixture was fired at 800 C. for 12 hours in air and molten in a crucible at 890 C. A superconduc ting crystal was produced from the molten material by the crystal pulling technique.
The charge in the crucible was molten at 890" C. The seed crystal was supported by a rod 4 so that its c-axis was adjusted parallel with the surface of the molten ceramic. Then the seed crystal was pulled up at 5 mm/ hour. As a result, a single crystalline Bi-based supercon ducting ceramic of 5 mm X50 mm x 0.5 mm was ob tained. The critical temperature was measured to be 106 K. The critical superconducting current density was measured to be 50,000 A/cm2.
The superconducting ceramic can be formed in ac cordance with the present invention by the laser sput tering technique as described in the followings. Bi2O3, SrCO3, La2O3, and CuO powders of 99.9% purity were prepared and mixed with each other so that Bi:Sr:La:Cu-2:3.5:0.5:3. The mixture was compressed into a tablet and fired at 850 C. for 24 hours. Then a substrate of Biz(Sri-La.)4Cu3Oy was obtained. The substrate was disposed in a laser sputtering apparatus illustrated in FIG. 8 . The apparatus comprises a vacuum chamber 16, a gas feeding system 21, an exhaustion system comprising a turbo molecular pump 19 and a rotary pump 20, a substrate holder provided with a heater 14 therein, an eximer laser 11 and an associated lens 12 which focuses the laser rays emitted from the laser 11 throught a light window 3 to a target 17 appro priately positioned in the chamber. The target 17 was prepared from a Bi-based superconductor of BizSr2Ca2 Cu3Oy in accordance with the foregoing description.
After introducing argon and oxygen at Ar:O2 = 4:1 and maintaining the whole pressure at 0.1 Torr, the target 17 was slowly disintegrated due to bombardment by laser rays and the material of the target was depos ited on the substrate 15 of Bi(Sri-La.)4Cu3O. The substrate temperature was adjusted at 650 C. by means of the heater 14. The deposition speed was about 10 nm/min. The thickness of the deposited film was 500 nm. Through the measurement of resistivity, Tc was measured to be 106K. This high Tc was attributed to the high Tc phase. After introducing argon and oxygen at Ar:02=4:1 and maintaining the whole pressure at 0.1 Torr, the target 17 was slowly disintegrated due to bombardment by laser rays and the material of the target was depos ited on the substrate 15 of BiSraFe3O. The substrate temperature was adjusted at 650 C. by means of the heater. Through the measurement of resistivity, Tc was measured to be 106K. This Tc was attributed to the high Tc phase. While several embodiments have been specifically described by way of examples, it is to be appreciated that the present invention is not limited to the particular examples described and that modifications and varia tions can be made without departing from the scope of the invention as defined by the appended claims. Some examples are as follow.
Although three methods were employed for forming superconductor on the substrates in the foregoing em bodiments, the superconducting film, the superconduc tor can be formed by other methods which have been
